The effects of high pressure ͑up to 5 GPa͒ on the mechanical properties of a typical Zr 41 Ti 14 Cu 12.5 Ni 10 Be 22.5 bulk metallic glass ͑BMG͒ have been investigated. It is found that the high-pressure pretreatment at room temperature can significantly improve the mechanical performance of the BMG. Particularly, the compressive plasticity of the BMG can be increased as large to as 12% by 4.5 GPa pressure pretreatment. The origin of the pressure effect on mechanical properties is studied. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2435977͔ Bulk metallic glasses ͑BMGs͒, which possess many attractive properties including high strength, elastic deformability, and corrosion resistance, have great application potentials as structural materials.
Bulk metallic glasses ͑BMGs͒, which possess many attractive properties including high strength, elastic deformability, and corrosion resistance, have great application potentials as structural materials. [1] [2] [3] However, BMGs generally suffer from low ductility at low temperature. The formation of localized shear bands within a nanometer scale zone and very limited plastic strain to failure are typical deformation characteristics of the BMGs. [4] [5] [6] Because of the structural and thermal softening, shear bands are preferential sites for further plastic flow and lead to the final fracture that typically breaks a sample along a single shear band. [4] [5] [6] To enhance the plasticity of BMGs for engineering applications, extensive efforts, which mainly focus on promoting the formation of multiple shear bands, have been made to improve the ductility of BMGs. [7] [8] [9] The mechanical behavior is particularly sensitive to the microstructural change of the materials. High pressure ͑HP͒ can induce structural relaxation and remove free volume to some extent in the BMGs. [10] [11] [12] [13] [14] [15] However, there is only little work on the effect of superimposed pressure ͑especially at high pressure͒ on deformation below the yielding strength for the BMGs. [16] [17] [18] [19] [20] The mechanical behavior of BMGs with HP treatment in a broad pressure range is yet to be investigated in detail. The aim of this work is to study the effect of HP pretreatment ͑from 0.5 to 5 GPa͒ on compressive mechanical behavior of a typical Zr 41 Ti 14 Cu 12.5 Ni 10 Be 22.5 ͑at. % ͒ BMG ͑Vit1͒. 21, 22 We find that HP can significantly improve the mechanical performance, in particular plasticity of the BMG. The origin of the effective HP effect on the mechanical properties is discussed.
The Vit1 cylindrical rod of 2 mm diameter was prepared by Cu-mold casting method. 2 The amorphous nature was ascertained by x-ray diffraction ͑XRD͒ using a MAC Mo3 XHF diffractometer with Cu K␣ radiation. Thermal analysis was carried out in a Perkin-Elmer DSC-7 differential scanning calorimeter ͑DSC͒ at a heating rate of 0.67 K / s. The amorphous rod was cut into a length of 5 mm, and its ends were carefully polished flat and parallel for HP treatment. A conventional cubic-anvil-type high-pressure facility was used to perform the HP experiments. The as-cast Vit1 was wrapped with aluminum foil to avoid contamination and then placed into a pyrophyllite bulk that was used as the pressuretransmitting medium. The HP process was carried out at 0.5-5.0 GPa and room temperature for 60 and 120 min. Unlike the liquid or gas pressure media, 20 solid pressure media did not always produce a pure hydrostatic stress state. After the HP treatment, the mechanical properties tests were performed on the HP treated samples under ambient pressure.
For the mechanical properties test, cylindrical specimens with a 2:1 aspect ratio were tested in an Instron 5500R1186 machine under a quasistatic loading at an initial strain rate of 5 ϫ 10 −4 s −1 at room temperature. The specimen and the fracture surfaces after failure were investigated by scanning electron microscopy ͑SEM͒ using a Philips XL 30 SEM. Figure 1 shows XRD patterns for Vit1 in as-cast state and pressured state under 0.5, 1, 2, 3, 4, and 5 GPa. The XRD patterns indicate that no crystallization of any kind is observed for the samples under the HP pretreatments. Figure 2 presents DSC traces ͑with a heating rate of 0.67 K / s͒ of the as-cast and the pressured Vit1 at various pressures. All the samples have the same glass transition temperature T g ͑642 K͒. The first crystallization temperature T x1 and supercooled liquid region ⌬T = T x1 -T g for the as-cast Vit1 are 724 and 82 K, respectively. However, the T x1 and ⌬T of the BMG treated under HP markedly changed. The maxima of the T x1 and ⌬T are 737 and 95 K, respectively, which correspond to the 5 GPa pressure. Furthermore, their first crystallization peak becomes sharper and their other two crystallization peaks T x2 and T x3 also moved to higher temperature. The HP makes the supercooled liquid state of the alloy more stable and improves the heat durability of the BMG. The DSC results indicate that the various HP pretreatments induce the same structural relaxation, which confirms that low pressure is the main factor resulting in the collapse of the free volume and reconstruction of the atomic configuration in the glassy alloy. 10, 23 The densities of the BMG in the as-cast and pressured states ͑after exposure of the sample to 4.5 GPa for 2 h͒ at room temperature were measured to be a͒ Author to whom correspondence should be addressed; electronic mail: hybai@aphy.iphy.ac.cn 6.162 and 6.180 g / cm 3 , respectively. The increase in density due to applied pressure is about 0.31%, which confirms that the free volume in the BMG is removed through the structural relaxation under HP. It is important to note that the nonhydrostatic nature of the HP pretreatment can also induce irreversible deformation ͑i.e., shear banding͒ in the sample.
The applied pressure dependence of compressive yielding strength of Vit1 is presented in Fig. 3 . The value of yielding strength increases with the increasing pressure and reaches its maximum ͑about 32% increment͒ around 3.0 GPa, and then decreases with further increase of the applied HP. This result shows that the compressive strength of BMG can be enhanced and tuned by HP pretreatment. Figure 4 shows the room temperature engineering stressstrain curves of the as-cast Vit1 and the samples pretreated under 2.0 and 4.5 GPa. The flow stress of the HP treated Vit1 shows a little bit of increase with increasing strain after stress yielding. However, the increase of flow stress is not due to the strain hardening. The friction occurs at the contact surfaces between the sample and WC platens, and the friction would increase flow stress because of the larger increase of the transversal area of the specimen and thus the decreased aspect ratio. The inset shows the plot of the true stress and strain to failure, and no strain hardening can be seen. The as-cast Vit1 exhibits typical low global plasticity of 0.5%. Significantly, the strength and plastic strain of the samples treated under 2.0 and 4.5 GPa elevated to 2250 MPa and 6.5%, and 2450 MPa and 12%, respectively. The increase of the plastic flow ability cannot only be attributed to the structural change induced by the HP working process. It also may be due to irreversible deformation induced by the nonhydrostatic HP treatment because similar pressure treatments conducted in oil or gas pressure media do not show any effect on the subsequent behavior. Figures 6͑a͒-6͑c͒ show the SEM morphology of the 4.5 GPa HP pretreated Vit1 after compressive fracture. The barrel shape geometry shown in Fig. 6͑a͒ reveals the good plasticity of the HP working sample and also implies that friction occurs at the contact surfaces between the sample and WC platens. High dense shear bands are present on the specimen surface and some of them even extend to cracks. At a higher magnification, the fine shear bands and the interactions and intersections of the shear bands are visible on the specimen surface everywhere ͓Fig. 6͑b͔͒. The primary and secondary shear bands can be easily distinguished in Fig. 6͑c͒ , and the secondary shear bands intersect with the primary shear bands and their movement is rather wavy in nature. The shear band spacing is estimated to be 500-1000 nm. The preexisting and formation of high density of shear bands, which leads to a more uniform deformation, are the key factors of the excellent plasticity in the HP pretreated BMGs. 9, 24, 25 The homogeneous nucleation and distribution of a high population of shear bands throughout the BMG accommodate the applied strain rather than the accumulation of catastrophic fracture in preferential shear bands. 26 At room temperature, the plastic deformation of the metallic glass is inhomogeneous with the formation of highly localized shear bands. Previous simulation and modeling results suggest that the shear band nucleation is associated with an excess free volume. 5, [27] [28] [29] In as-cast state, the metallic glasses have plenty of nonequilibrium atomic scale free volume, caused by the quenching process. 30 Low-pressure ͑Ͻ2.0 GPa͒ pretreatment leads to the obvious decrease of the excess free volume in the BMG and makes the activation and formation of shear bands require higher applied stresses, 10 and then leads to the increase of the yield strength. With the further increase of HP, the HP cannot further reduce the excess free volume of the BMG since the intensive structural relaxation mainly takes place at low pressure. 10, 23 The HP induces shear bands in the glass ͓as shown in Fig. 5͑b͔͒ because the pressure treatments are nonhydrostatic. At the high-pressure levels it is likely that high density shear bands are nucleated and propagate, but not to catastrophe because the confinement of the HP. The existence of the preexisting shear bands reduces the compressive strength and enhances the plasticity because of the existence of the prefabricated homogeneous shear bands makes the plastic flow easier and more uniform and leads to the increase of global plasticity of the HP treated samples. 8 When the applied HP exceeds 3.0 GPa, the ultimate strength of the samples decreases and the plasticity significantly increases ͑see Figs. 3 and 4͒ .
In summary, we report that the suitable HP treatment can improve the mechanical performance of the BMG through controlling the structural changes ͑structural relaxation and prefabrication of shear bands͒ in the BMG. In particular, the nonhydrostatic HP process can prefabricate plenty of shear bands and promote the plastic flow under compression. The results confirm that the homogeneous, multiple, and concurrent formation of shear bands throughout the samples is crucial for plasticity improvement of BMGs. 
